Four aspartic acid residues (Asp'26, Asp'56, Asp233 and Asp295) of Bacillus cereus sphingomyelinase (SMase) in the conservative regions were changed to glycine by in vitro mutagenesis, and the mutant SMases [D126G (Asp'26 -+ Gly etc.), D156G, D233G and D295G] were produced in Bacillus brevis 47, a proteinproducing strain. The sphingomyelin (SM)-hydrolysing activity of D295G was completely abolished and those of D126G and D156G were reduced by more than 80 %, whereas that of D233G was not so profoundly affected. Two mutant enzymes (D126G and D156G) were purified and characterized further. The hydrolytic activities of D126G and D156G toward four
INTRODUCTION
Sphingomyelinase (sphingomyelin cholinephosphohydrolase, EC 3.1.4.12) is an enzyme which hydrolyses sphingomyelin to ceramide and phosphocholine [1] . We have purified a bacterial sphingomyelinase (SMase) from Bacillus cereus to a homogeneous state, cloned the gene and sequenced it [1] [2] [3] . We also established a mass-production system of the protein using a protein-hyperproducing strain, Bacillus brevis 47 [4] .
The enzyme, with a molecular mass of 34 kDa, exhibited unique enzymic and haemolytic activities. The enzyme can adsorb specifically on to the erythrocyte membranes and selectively hydrolyse sphingomyelin in the membrane of intact erythrocytes.
Ca2+ and Mn2+ enhanced the adsorption of the enzyme to the erythrocyte membrane, whereas Mg2+ accelerated haemolytic activity together with the breakdown of sphingomyelin [5] [6] [7] [8] .
Various functional domains seem to exist in the enzyme, such as adsorptive, catalytic and metal-ion-binding sites. Analyses of the secondary structure of the enzyme based on the amino acid sequence and CD suggested that its enzyme molecule was enriched in turn or loop structure, but had relatively lower content of a-helix [9] . Chemical modifications of the enzyme suggested that the acidic amino acid residues such as Asp and Glu are involved in the catalytic and adsorptive activities of the enzyme [1, 10] .
To elucidate the role(s) of the aspartic acid residues in the enzymic and haemolytic functions, we constructed and expressed of the wild-type. The activity of D126G toward water-soluble p-NPPC was comparable with that of the wild-type. On the other hand, D156G catalysed the hydrolysis of hydrophilic substrates such as HNP and p-NPPC more efficiently ( > 4-fold) than the wild-type. These results suggested that Asp'26 and Asp'56, located in the highly conserved region, may well be involved in a substrate recognition process rather than catalytic action. Haemolytic activities of the mutant enzymes were found to be parallel with their SM-hydrolysing activities. Two regions, including the C-terminal region containing Asp295, were found to show considerable sequence identity with the corresponding regions of bovine pancreatic DNase I. Structural predictions indicated structural similarity between SMase and DNase I. An evolutionary relationship based on the catalytic function was suggested between the structures ofthese two phosphodiesterases.
four mutant SMases with an Asp-+ Gly substitution in the conserved regions by site-directed in vitro mutagenesis and characterized their catalytic and haemolytic activities.
MATERIALS AND METHODS Materials B. brevis 47 was grown and transformed as described in [4] . PX medium used for culture of transformants consisted of 2% polypeptone S, 0.5 % yeast extract, 1% glucose and 0.01 % uracil. Plasmids pBS(+) and pUCl19 were purchased from Stratagene and TAKARA (Kyoto, Japan) respectively. Plasmid pNUSM, an expression vector of SMase, was constructed as described previously [4] . Plasmid pUCSM used for in vitro mutagenesis was constructed by introducing a 1.2 kb EcoRIXbaI DNA fragment of pNUSM, encoding the entire SMase gene, into pUCl19 at the multicloning site. Oligonucleotides were synthesized by a DNA synthesizer (model 391; ABI, Chiba, Japan). The enzymes used for DNA manipulation were purchased from TAKARA. Reagents for PCR and DNA sequencing were purchased from ABI.
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H.-o. Tamura and others the full-length SMase gene in pUCi 19. Briefly, each mutant construct was composed of two PCR fragments, joined at the site of the mutation, and together encompassing the 1.2 kb complete SMase coding sequence. Primers for the C-terminal fragment consisted of a primer containing the desired mutation as its central codon and Ml 3-RV primer. Similarly, the N-terminal fragment was flanked by Ml 3-M3 primer and a primer reverse complement of the mutant primer for the C-terminal fragment. The pairs of mutant primers used were as follows (mutation sites to change Asp to Gly were underlined); forward 5'-GGATGC-GGGCCAGGTAATTTATCGAA-3' and reverse 5'-CGATAA-ATTACCTGGCCCCGAT-3' for D126G; forward 5'-GCAGG-CTGAAGGTAGTATGTGCGG-3' and reverse 5'-CGCACAT-ACTACCTTCAGCCTGCA-3' for D156G; forward 5'-CAGC-GACTTGGGGTGCAACGACAA-3' and reverse 5'-TTGTCG-TTGCACCCCAAGTCGCTG-3' for D233G; forward 5'-GAT-TACTCTGGTGATTATCCAGT-3' and reverse 5'-ACTGGA-TAATCACCAGAGTAATC-3' for D295G. The N-terminal and C-terminal fragments were purified and used as a template for the PCR to amplify the 1.2 kb entire mutant SMase gene using M3 and RV primers. The final PCR fragments were purified and cut out by EcoRI and XbaI, and ligated into pBS(+) plasmid DNA. The cloned 1.2 kb DNA fragment of each mutant was sequenced to prove that only the mutation expected had occurred.
Expression of mutant SMases by Bacillus brevls 47
The cloned 1.2 kb mutated SMase genes were ligated into pNU211 at EcoRI and XbaI sites as described [4] . Transformants carrying the mutated SMase gene were screened and isolated. The transformants were cultured in PX medium supplemented with 100 ,g/ml erythromycin at 37 'C. After cultivation for 3-4 days, the cells were pelleted by centrifugation at 1000 g and the supernatant was used for assay of hydrolysing activities and for purification.
Assays of hydrolysing activities of SMase The hydrolysing activity of 2-hexadecanoylamino-4-nitrophenylphosphocholine (HNP) or bovine brain sphingomyelin (SM) of the expressed SMases was determined by the method of Gal et al. [12] or Ikezawa et al. [2] respectively. Lysophosphatidylcholine (lysoPC)-hydrolysing activity was determined by the method of Saito et al. [13] with slight modification. The mixture containing 4 mM l-palmitoyl-sn-glycero-3-phosphocholine, 40 mM borate buffer, pH 7.5, 4 mM MgCl2, and 0.02 % BSA was incubated with enzyme at 37 'C for 20 min. The reaction was terminated by adding 0.1 ml of 5 % BSA, followed by 0.4 ml of 10 % perchloric acid on ice. After centrifugation, phosphorus in the supernatant was determined as reported previously [14, 15] . The hydrolysis of p-NPPC was determined by the method of Kurioka and Matsuda [16] . The reaction mixture (0.5 ml), composed of 20 mM p-NPPC, 0.25 M Tris/HCl, pH 7.2, 20 mM MgCl2, 36 % sorbitol and enzyme was incubated at 37 'C for 30 min. The reaction was stopped by adding 0.5 ml of 25 mM EDTA and the absorbance at 410 nm was measured. One unit of the activity was defined as the activity that catalysed the hydrolysis of 1 umol of substrate/min at 37 'C for all the substrates.
Purification of mutant SMases
Purification of SMase from the culture medium was performed by the modified method of Ikezawa et al. [2] . Originally, B. brevis 47 does not produce any detectable phospholipases C. Therefore, CM-Sephadex column chromatography was omitted from the original procedure for B. cereus which produces three phospholipases C, i.e., phosphatidylinositol-specific phospholipase C (Pl-PLC), phosphatidylcholine-specific phospholipase C (PC-PLC) and SMase. Briefly, the culture broth was precipitated with (NH2)4SO4 at 80% saturation, followed by gel filtration on Sephadex G-75 and ion-exchange column chromatography on a DEAE-Toyopearl column. Finally, rechromatography on Sephadex G-75 was carried out. The purity of the final preparation was determined by scanning the gel stained with Coomassie Blue after SDS/PAGE.
Determination of haemolytic activity of mutant SMases
Haemolytic activity secreted by the transformants was measured by blood-agar plates as follows; Colonies of B. brevis 47 harbouring mutant SMase genes, the wild-type one or the vector were streaked on T2ura plates containing 5 %(v/v) fresh sheep erythrocytes. Cells were grown for 18 h at 37°C, and haemolytic zones appeared after additional incubation of 24 h at 4 'C. Haemolytic activity ('hot-cold') of purified enzymes was determined by incubating 1 % (v/v) sheep erythrocytes in 40 mM borate buffer (pH 7.5)/0.75 %(w/v) NaCl/4mM MgCl2/0.02 % BSA with the enzyme in a volume of 200,ul at 37 'C for 5 
Other procedures
Analysis of the secondary structures was performed by the method of Nishikawa and Noguchi [17] . The '3D-ID' compatibility test was performed by the methods of Nishikawa and Matsuo [18] and Matsuo and Nishikawa [19, 20] . Sequencing was performed by the dideoxynucleotide chain-termination method [21] using dye-dideoxynucleotides and appropriate primers, with an automated sequencer (ABI, model 373A). SDS/PAGE was performed by the method of Laemmli [22] .
RESULTS

Construction and expression of Asp mutants of B. cereus SMase
Since chemical modification of B. cereus SMase by Woodward's reagent K reduced the catalytic and adsorptive activities [10] , acidic amino acids such as aspartic and/or glutamic acids have been supposed to be involved in the action of the enzyme. As a first step to elucidate the roles of these amino acids in the enzymic functions, we decided to change Asp residues to a neutral amino acid, glycine, by site-directed mutagenesis.
Out of ten conserved Asp residues among SMases of three different bacterial species, we have selected four residues (Asp126, Asp"6', Asp233 and Asp296; numbered from the N-terminal amino acid of the mature enzyme) in the well-conserved regions of SMases as shown in Figure 1 . By PCR-directed in vitro mutagenesis we constructed four mutant SMase genes and expressed them using B. brevis 47 as described previously [4] . Table 1 shows the SM-and HNP-hydrolysing activities secreted into the broths by the transformants during 4 days' cultivation. All the SMhydrolysing activities of the mutants were reduced; especially, there was no detectable activity at all in the culture broth of the D295G (Asp295 -Gly) transformant. Remarkably, the D156G-transformant expressed higher hydrolytic activity against HNP than the wild-type transformant, whereas the others exhibited activities more or less comparable with their SMhydrolysing activities. As shown in Figure 2 , analysis by
In vitro mutagenesis of aspartic acid in Bacillus cereus sphingomyelinase VrSWFQKYTYNDYSDEYPVEATI transformants were approximately one-third that by the wildtype, estimated from the band intensities obtained by scanning the gel. This low production may be responsible for the low activity in the broth of the D233G transformant. However, this was not the case for the D295G SMase, since no activity was detected, even in the assay using a five-times-greater amount of the culture broth of the D295G-transformant (result not shown).
Characterization of the purIfied D126G and 0156G mutant SMases Mutation at Asp126 or Asp'66 to Gly of B. cereus SMase reduced the SM-hydrolysing activity of the enzyme as described above, and these residues were located in the highly conserved region surrounded by the two cysteine residues (Cys'23 and Cys'59) as shown in Figure 1 . Previously, we have demonstrated that the disulphide bond formed by these two cysteine residues was essential for the catalytic activity [10] . So we decided to purify and characterize these two mutant SMases further.
We purified the D126G and D156G to a nearly homogeneous state ( > 90%) as strates with different hydrophobicity (SM, HNP, lysoPC and p-NPPC; see Figure 3 ), in comparison with the purified, wild-type enzyme ( Table 2 ). The preference ofthe wild-type enzyme toward these substrates were previously determined as SM > lysoPC HNP > p-NPPC [5] . D126G exhibited the reduced activities toward all of these substrates, whereas D156G catalysed hydrolysis of the water-soluble substrates (HNP and p-NPPC) more effectively than the wild-type (Table 2 and Figure 3 ). Especially for p-NPPC, the relative activity of DI 56G to wildtype enzyme, 6.14, was 18 times as much as that for SM, 0.35 ( Figure 3) . Reduction of the activities toward lysoPC and p-NPPC of D126G was moderate while the activities toward SM and HNP were less than 10 % of the wild-type activities. The hydrolytic activity of the wild-type SMase is activated by Mg2+ and inhibited by Ca2+ as described in [7] . The effects of these bivalent cations on the hydrolytic activities of the purified D126G and D156G SMases were examined and found to be essentially the same as those on the wild-type (results not shown).
Haemolytic activity of the Asp mutant SMases
It has been shown that the hot-cold haemolysis of bovine erythrocytes induced by B. cereus SMase is closely related to -the breakdown of SM on the erythrocytes by the enzyme [6] . To elucidate further the relationship between haemolysis and SM hydrolysis of erythrocytes, the haemolytic activity of the cells secreting mutant enzymes with reduced SM-hydrolysing activity were determined by blood-agar plate. As shown in Figure 4 (a), The haemolytic activities of the purified mutant SMases (D126G and D156G) were also analysed quantitatively as described in the Materials and methods section (Figure 4b) Figure 5 (a). The one was an 11-amino-acid stretch (from Tyr293 to Ile303) of B. cereus SMase containing Asp29' residue. This region shows sequence identity with the C-terminal region of bovine pancreatic DNase I (from Ile246 to Leu256, numbered as in [23] ). The other was a longer stretch, from Ile43 to Asn73, of SMase showing sequence identity with the region from Val27b to Asn'8 of DNase I. More than half the identical residues in the two regions of identity were also identical among three bacterial SMases ( Figure Sa) . Although the overall sequence similarity was not so high (-20%, calculated by GENETYX-Mac software), several identical residues have been demonstrated to be involved in the catalytic centre, as shown in Figure 5(b) . Analysis by the method of Nishikawa and Noguchi [17] predicted the significant similarity of the secondary structures of the two proteins over the entire sequences ( Figure 6 ).
3D0-D compatibility analysis of B. cereus SMase
The SMase sequence was compared with 325 known structures taken from the Protein Data Bank (PDB [26] ) using the 3D-ID compatibility method of Nishikawa and Matsuo [18] [19] [20] . Of the structures, the bovine pancreatic DNase I structure (PDB code, 1ATND) showed the best compatibility score (StO, -2.56), as shown in Table 3 . This suggests a structural similarity between SMase and DNase I.
DISCUSSION
We constructed and expressed four mutants with substitution at an aspartic acid in the well-conserved regions to glycine (D126G, D 156G, D233G and D295G) and found that all mutants exhibited reduced or no SM-hydrolysing and haemolytic activities (Table 1 and Figure 4a ).
Mutations at Asp'26 and Asp'56 in the stretch of the most conserved region among SMases of three different bacterial species impaired profoundly the SM-hydrolysing activity of B. cereus SMase. We have already demonstrated that disruption of the disulfide bridge between Cys'23 and Cys"59 inactivated the catalytic activity of the enzyme [10] . These results indicated that this conserved region plays a critical role(s) in the hydrolysis of SM.
The substitution of Asp126 with Gly more profoundly reduced the activities toward SM and HNP than those toward lysoPC and p-NPPC (Table 2 and Figure 3) . The presence or absence of N-acyl moiety of the substrates might be a determinant for the difference in the activities of D126G. The mutation Asp156 -Gly The structural segments of both enzymes were schematically represented according to a prediction based on the method of Nishikawa and Noguchi [17] . Stippled and hatched boxes represent a-helix and f-sheet respectively. Open boxes indicate coil or turn structures. Bars with roman numbers denote the numbers and regions of the a-helixes that were predicted by X-ray crystallography [23] . [26] , using the 3D-1 D compatibility method developed by Nishikawa and Matsuo [18] [19] [20] .
The structures were sorted in order of their compatibility scores, g;. The best 20 structures are listed. The auxiliary scores, S,r°t, which assess the compatibility per residue, are also shown. The detail of the method foF calculating the scores, t and Sr were described by Matsuo and Nishikawa [22] . resulted in more-than-4-fold enhancement in the activity toward the water-soluble synthetic substrates, HNP and p-NPPC, whereas reduction was observed in the SM-and lysoPC-hydrolysis, as shown in Figure 3 . These results suggested that Asp'26 and Asp'56 of SMase might be involved in the substraterecognition process rather than in the active centre. Further analyses using substrates with different structures will enable one to clarify this point. Since there were no significant differences in the effects of Mg2+ and Ca2+ cations on the hydrolytic activities of the mutants (D126G and D156G) from that of the wild-type (results not shown), both Asp'26 and Asp'56 of SMase seemed not to be involved in the metal-binding sites.
The hot-cold haemolytic activities displayed by the mutant enzymes were almost parallel with their SM-hydrolysing activities (Figure 4) , showing that hydrolysis of SM in the erythrocyte membrane is one of the rate-limiting steps of haemolysis as previously suggested by Tomita et al. [6] . To clarify the mechanism of haemolysis in detail, the adsorptive activity toward erythrocytes ofthe mutant enzymes should be further determined.
Mutation at Asp295 completely disrupted the hydrolytic and haemolytic activities of B. cereus SMase (Table 1 and Figure 4 ). This strongly suggests that Asp295 is one of the target residues modified by Woodward's reagent K [10] . The region containing Asp295 was found to have identity with the C-terminal region of bovine DNase I, as shown in Figure 5(a) . Since the residues Asp248 and His249 of DNase I in this region of identity have been identified to be involved in the catalytic centre by X-raycrystallographic analysis [23] [24] [25] , the sequence Asp295-His296 of SMase corresponding to Asp248-His249 of DNase I may well be involved in the active centre of SMase. Lack of the hydrolytic activity of D295G supported this hypothesis.
Another region of identity between the two enzymes was located close to the N-termini of both enzymes. More than half the identical residues in this region were conserved among SMases of three species (Figure 5a ). Therefore this region might also play (an) important role(s) in the hydrolysis of SM. The acidic amino acid residues in this region of identity (Asp47, Glu53 and Asp56) of SMase might be responsible for the inactivation by Woodward's reagent K.
Comparative analyses of the secondary and tertiary structures between the two enzymes predicted a structural similarity between them ( Figure 6 and Table 3 ). The method used to predict the secondary structures seemed to be reliable, since the prediction for DNase I was consistent with the results obtained from the Xray-crystallographic analysis, as shown in Figure 6 . The 3D-ID compatibility test recently developed by Matsuo and Nishikawa [18] [19] [20] is a method for evaluation of the compatibility of a sequence with a 3D structure. Using this method, one can identify the most likely structure of a protein from a library of known structures. By this test the structure of DNase I was the most compatible with that of SMase among 325 known structures (Table 3) . Both enzymes catalyse the hydrolysis of phosphodiester bonds, and several functionally important residues are conserved (Figure Sb [3, 27, 28] . A possible, tempting scenario explaining the structural similarity between SMase and DNase I is that there is a protogene encoding a proto-enzyme which catalysed the hydrolysis of phosphodiester bond, and the two genes for SMase and DNase I had been evolved from that protogene. Volbeda et al. also reported the structural similarity between the enzymes related to hydrolysis of phospholipids and nucleic acids: the PC-PLC of B. cereus and the P1 nuclease of Penicillium citrinum [29] . Several reports demonstrated that the distant relationship between enzymes had been clarified after the determination of their structures [29] [30] [31] [32] [33] . Further structural and functional analysis of SMase would answer this question.
